A complete control of the coupling between the modes of two photonic crystal microcavities is obtained by using a combination of several local tuning techniques. By a local and controlled modification of one cavity we are able to bring into resonance modes with a different polarization and spatial distribution, producing heteroatomic photonic molecules. Clear anticrossing is observed, denoting the mode hybridization which is in a very good agreement with finite difference time domain calculations.
Resonant coupling between individual systems is a very general issue, emerging in many different fields. In particular, coupled photonic microresonators [1] [2] [3] are expected to play a key role in various types of light-matter interaction enhancement, especially if they are based on small modal volume and high-Q cavities. Photonic coupling can be retraced in many fascinating phenomena, such as photon blockade, 4, 5 optical Josephson interferometer, 6 and also for slow light engineering. 7 A convenient building block for the implementation of these proposals relies on two coupled photonic crystal ͑PC͒ microcavities ͑MCs͒. [8] [9] [10] [11] [12] [13] [14] By exploiting the analogy of photonics with electronics, two coupled MCs are often denominated as photonic molecules. 3 Generally, only homoatomic photonic molecules are considered, i.e., identical MCs with coupling between identical modes. [8] [9] [10] [11] [12] [13] [14] However in nature, heteroatomic molecules offer a much larger variety of possibilities, resulting in complex electronic properties. A typical example is the orbital hybridization, that is the mixing of different atomic wave functions, such as the p and s orbitals in the methane molecule. Heteroatomic photonic molecules, however, require an additional effort in the design and realization of PC-MCs, since two different systems have to be put into resonance.
Here we experimentally demonstrated the realization of a heteroatomic photonic molecule with the achievement of a perfect resonance condition between two different modes. This has been obtained by exploiting a combination of different local tuning techniques, such as a local infiltration of water, 15, 16 microevaporation, 17 and micro-oxidation, 18 thus combining large and local modification of one single MC with very fine tuning of the resonance condition. We are therefore able to continuously drive into and out of the coupling condition different modes of two coupled MCs. Clear modes anticrossing and mode hybridization is observed.
The investigated structure consists in a two dimensional PC on membrane with triangular lattice ͑lattice constant a = 311 nm͒ and filling fraction f = 35% where two nominally identical cavities are defined. Each cavity is formed by four missing holes organized in a diamondlike geometry ͑denomi-nated D2 cavity͒. A schematic image of the sample is reported in Fig. 1͑a͒ , where the two Cartesian x and y axis in the plane are depicted. All the details regarding the fabrication process can be found in Ref. 19 . The two main modes of the single D2 cavity are spatially extended along the two orthogonal direction x and y, and they have different polarization properties. 20 In particular here we consider two vertically aligned D2 cavities, with a single-hole barrier. single-mode optical fiber, acting as a confocal pinhole, connected to a spectrometer. The PL signal, dispersed by the spectrometer, is finally collected by a liquid nitrogen cooled InGaAs array. The spatial and spectral resolutions are of 1 m and 1 nm, respectively.
A local infiltration apparatus, developed for transferring subfemtoliter volume of liquids inside the submicrometer holes of the PCs, 15 enables the controlled liquid deposition. In previous works we used this for a microfluidic control of special designed PC-MC, with a quite large air defect, 16, 17 leading to a large redshift in the modes. Here we demonstrate that this local optofluidic tuning can be used also in standard PC-MC with a dielectric defect, by exploiting the infiltration of pores in the nearby of the PC-MC. It is important to stress that at room temperature the infiltrated water remains in the pores for days and to force the evaporation is necessary to heat the infiltrated region. A local heating of the sample is provided by the PL setup at high excitation density, allowing us to heat only one of the two cavities. This produces two effects, the water evaporation 17 and the GaAs oxidation. 18 Both are quite gentle and allow us to fine tune the modes of one of the two cavities toward the blue. A scheme of the tuning implementation is reported in Fig. 1͑a͒ , where the turquoise circles represent the pores infiltrated with water and the highlighted area represents the laser spot. Figure 1 also shows the comparison of the PL spectra, taken at different positions along the molecule axis, showing the first two modes ͑denominated P1 and P2, starting from long wavelength͒, of the coupled system before ͑b͒ and after the infiltration of the pores near the upper cavity ͑c͒; a redshift in several nanometer of both modes is observed together with an increase in their splitting. By collecting the spectra at different positions ͑every 200 nm along the y direction͒ we observe that after the infiltration process we are able to switch from the configuration in which the two cavities are coupled to the almost uncoupled condition. In fact, before the infiltration the system is near to the zero detuning condition and both modes are delocalized in the entire cavity region. In particular, the symmetric one ͑P1͒ has a maximum of the intensity in the region between the two cavities, while the antisymmetric one ͑P2͒ a minimum in this region and it shows two maxima in correspondence of the two cavities.
On the other hands, after the infiltration process each mode is clearly localized in only one cavity. Figure 2 shows the spectral position of the first four modes of the coupled system ͑besides P1 and P2, the other two modes at shorter wavelength are accordingly denominated P3 and P4͒ as a function of the exposure time at high excitation density. The mode positions are obtained by collecting the spectra in different region of the system. Following the infiltration process, P1 and P3 are mainly localized in the upper cavity, while P2 and P4 are mainly localized in the bottom cavity. After about 500 min of exposure we observe the anticrossing between P1 and P2, with a minimum splitting of about 17 nm. As demonstrated in, 10 P1 and P2 arise from the coupling of the fundamental mode ͑M1͒ of each individual cavity. In the chosen vertical coupling configuration, the spatial overlap of the M1 modes is pretty large and the coupling strength is high. On the other hand, in the vertical coupling configuration P3 and P4, whose arise from the coupling of the first excited state ͑M2͒ of each individual cavity, are only weakly coupled. 10 Consequently the mode splitting is almost two orders of magnitude smaller with respect the previous case and it is not resolved with our spectral resolution. By our local tuning methods, we are therefore able to control the detuning of the photonic molecule and even to invert its sign; in particular, by pushing the modes of the upper cavity toward the blue, P3 transforms into the M2 mode of the bottom cavity.
After an exposure time of 1330 min we are able to obtain a resonance condition between P2 and P3 and a clear anticrossing between these modes is observed. The presence of two anticrossings is stressed by the inset of Fig. 2 where the splitting of P1 and P2 is reported as a function of the exposure time. The first anticrossing corresponds to a minimum splitting between these modes, while the presence of the second anticrossing, which corresponds to the anticrossing between P2 and P3, is reflected in a local maximum of the P1-P2 splitting. Since P2 is formed by the fundamental modes M1 of the individual D2 cavity and P3 is the first excited mode M2 of the bottom D2 cavity, we expect that, at the second anticrossing, a mode hybridization occurs.
To give more insight to the experimental results we performed a series of three-dimensional finite-difference-timedomain calculations. The scope of the numerical calculations is to study the physics of the mode hybridization ͑mode profile and mode splitting͒ and not to emulate the effect of water evaporation and/or micro-oxidation of GaAs. To reach the resonant condition between the P2 and P3 modes, we decided to redshift the P3 mode instead of blueshifting the P2 mode. 21 The P3 mode is redshifted by assuming the presence of a fictitious material with high refractive index inside the nine nearest pores at the bottom of the lower D2 cavity. The resonance condition P2-P3 is obtained using a value of the refractive index of n = 1.85; with this value, the resulting theoretical splittings of P1-P2 and P2-P3 are 20 nm and 2.5 nm, respectively, in good agreement with the experimental data ͑see Fig. 2͒ . However, the interesting information that we obtain from the numerical calculation is mainly related to the spatial distribution of the electric field intensities of the hybrid modes P2 and P3 at resonance. For this reason in Figs.  3͑a͒-3͑d͒ we report the electric field intensity for the x and y components for the hybrid modes; for sake of comparison, the corresponding distribution of the M1 and M2 modes of FIG. 2 . ͑Color online͒ Spectral position of the first four modes of the system as a function of the exposure time. In particular, the square represents the peak position of the mode P1, the circles of P2, the up triangle of P3, and the down triangle of P4. In the inset the splitting of P1 and P2 is reported as a function of the exposure time. The first anticrossing ͑indicated by black arrows͒ corresponds to a minimum splitting, while the presence of the second anticrossing ͑indicated by gray arrows͒ is reflected in a local maximum of the P1-P2 splitting.
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Vignolini et al. Appl. Phys. Lett. 97, 063101 ͑2010͒ the single D2 cavity are also reported in ͑e͒ and ͑h͒ in a different color scale. In particular, the upper panels of Fig. 3 refer to ͉E x ͉ 2 maps and the bottom panels refer to the ͉E y ͉ 2 maps. The mode hybridization is very clear from the electric field distributions and it turns out that the P2 and P3 modes are vertically elongated in the region of the top D2 cavity and horizontally elongated in the region of the bottom D2 cavity, resulting from the hybridization of modes M1 and M2. A further interesting feature arises from the polarization of the P2 and P3 modes. Due to the peculiarity of the D2 cavity 20 the M1 mode is dominated by the x component while the M2 mode has both x and y components; note that the two x and y components are not independent degenerate modes. It follows that the spatial overlap between P2 and P3 occurs only for the x component and it is almost negligible for the y component. This leads to the delocalization of the x component of the electric field and to a localization on the bottom cavity of the y component of the electric field of both P2 and P3 modes. It is also worth stressing that, as in the case of M2, the two polarizations of P2 and P3 are not independent degenerate modes.
In conclusion, we reported on the achievement of a continuously tunable photonic molecule from an homoatomic to an heteroatomic condition. The detuning between the uncoupled modes can be controlled by a combination of local infiltration/evaporation of water and micro-oxidation, leading to mode anticrossing and hybridization. We have demonstrated that the photonic mode hybridization may present a selective mode delocalization/localization for different polarizations, a feature which has not a counterpart in quantum mechanics hybridization of wave functions. We believe that this peculiar property would open the road to innovative strategies and still unexplored degree of freedom in designing photonic devices based on coupled resonators.
We acknowledge financial support from the FAR under Project Nos. 851 and MIUR-PRIN H9ZAZR003. FIG. 3 . ͑Color online͒ Calculated maps of the electric field components. The left panels ͑a͒-͑d͒ refer to the P2 and P3 modes of the coupled system, images dimensions 3 ϫ 1.4 m. The right panels ͑e͒-͑h͒ refer to the corresponding distributions of the M1 and M2 modes of the single D2 cavity, images dimensions 1.2ϫ 1 m. The upper panels ͑a͒, ͑b͒, ͑e͒, and ͑f͒ report the ͉E x ͉ 2 maps and the bottom panels ͑c͒, ͑d͒, ͑g͒, and ͑h͒ report to the ͉E y ͉ 2 maps of the different modes. In the online version we use a black-red-white colorscale for the hybrid modes and a blue-green-white colorscale for the single cavity modes. The images reported in ͑e͒-͑h͒ are all normalized to their maximum value, in order to show the spatial distribution of the electric field components.
